The synthesis and characterization of 2-((pyridine-2-yl)methylamino)naphthalene-1,4-dione (H-1), 2-((thiophen-2-yl)methylamino)naphthalene-1,4-dione (H-2) and 2-((pyridine/thiophen-2-yl)ethylamino) naphthalene-1,4-dione (H-3 and H-4) have been carried out. Molecular recognition abilities of these ligands toward transition metal ions in methanol, methanol-water, methanol-triethylamine or methanol-watertriethylamine mixtures, stoichiometries and association constants of H-1 and H-3 have been determined. It has been shown that H-1 and H-3 coordinate to metal ions via two nitrogen atoms and oxygen and exhibit 
Introduction
The a,b-unsaturated carbonyl derivatives of 1,4-naphthoquinones 1 are of growing interest owing to their anticancer, [2] [3] [4] [5] [6] [7] antimicrobial, [8] [9] [10] antifungal, 11-13 antitumor 14-18 and antiviral [19] [20] [21] activities. Their molecular attributes, namely conjugation and electrophilicity, govern metabolic pathways and the key processes in chemotherapy that require redox cycling drugs.
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The underlying redox switching of such naphthoquinones, which on the acceptance of one or two electrons yield a radical anion or dianion, are thus interesting. It is further discernible to note that the intra-molecular charge transfer (ICT) transition is shown to be strongly dependent on the amine substituent and in particular, the charge density on the nitrogen center. 23 These ligands, which serve as chemosensors, have shown remarkable molecular recognition and gave easily detectable, sensitive signals. A colorimetric and ratiometric uorescent chemosensor combined with attributes such as high uorescence sensitivity and aesthetic appeal of colorimetric assay makes these napthoquinone sensors very fascinating.
24
Naphthoquinone based chemosensors viz., 2-((pyridin-2-yl) methylamino)naphthalene-1,4-dione (H-1), 2-((thiophen-2-yl) methylamino)naphthalene-1,4-dione (H-2) 2-((pyridine/ thiophen-2-yl)ethylamino)naphthalene-1,4-dione (H-3 and H-4) ( , Cr 3+ and Ca 2+ in methanol, methanol-water mixture and in the presence of a mild base such as triethylamine has been evaluated. Moreover, the chemosensors H-1 and H-3 are shown to be useful for detection of different metal ions viz., Cu
2+
, Ni 2+ and Co 2+ revealing a color change that can be observed with the naked eye and further can be studied through the UV-visible and uorescence experiments. 6 , with the help of Varian Mercury NMR spectrometer using the TMS (tetramethylsilane) as a reference. UV-vis spectra were measured on the SHIMADZU UV 1650 in DMSO between 200 nm to 800 nm. The uorescence spectra were recorded on JASCO spectrouo-rometer FP-8300. Melting points were observed using the DSC experiments on TA waters model Q2000 instrument (Fig. S6 in ESI †) equipped with Tzero aluminium pan as a sample holder.
Synthesis of 2-((pyridin-2-yl)methylamino)naphthalene-1,4-dione (H-1). 1 mmol of 2-methoxy-1,4-naphthoquinone (0.2 g) was dissolved in 20 ml dry methanol and dichloromethane (5 ml). The solution was stirred for 20 minutes at room temperature (26 C) . To this solution 0.11 ml of 2-picolyl amine (1 mmol) was added drop wise with constant magnetic stirring. The reaction mixture was stirred for 24 hours at room temperature (26 C) and further reuxed for 2 days at 60 C. Completion of the reaction was monitored on TLC (toluene : methanol) with a color change from yellow to orange. The mixture aer reuxing was further kept for 24 hours for evaporation of solvent which yield the red colored crystals. Synthesis of 2-((thiophen-2-yl)methylamino)naphthalene-1,4-dione (H-2). 1 g of 1,4-naphthoquinone (6.32 mmol) was taken in two necked round bottom ask. About 20 ml dry methanol was added to just dissolve it. The solution was stirred for 15 min on a magnetic stirrer. To this solution 0.64 ml (6.4 mmol) of 2-thiophenemethylamine was added drop wise. The reaction mixture was stirred for 24 hours at room temperature (26 C) with a constant magnetic stirring and the completion of the reaction was monitored on TLC. Aer 24 hours the mixture was transferred to a beaker and kept for 24 to 48 hours so that the solvent evaporates. A solid crude product was obtained by evaporation was puried by column chromatography with toluene : methanol (9 : 1) as eluent. A red colored product was obtained subsequent to a slow evaporation of eluent. Synthesis of 2-((pyridine/thiophen-2-yl)ethylamino) naphthalene-1,4-dione (H-3 and H-4). 1 g of 1,4-naphthoquinone X-ray crystal structures X-ray data for H-1, H-3 and H-4 were collected on D8 Venture PHOTON 100 CMOS diffractometer using graphite monochromatized Mo-Ka radiation (l ¼ 0.7107Å) with exposure/ frame ¼ 10 s. The X-ray generator was operated at 50 kV and 30 mA. An initial set of cell constants and an orientation matrix were calculated from total 24 frames. The optimized strategy used for data collection included different sets of f and u scans with 0.5 steps in f/u. Crystal to detector distance was 5.00 cm with 512 Â 512 pixels/frame, oscillation/frame À0.5 , maximum detector swing angle ¼ À30.0 , beam centre ¼ (260.2, 252.5), in plane spot width ¼ 1.24. Data integration was carried out by Bruker SAINT program and empirical absorption correction for intensity data were carried out using the Bruker SADABS. The programs are integrated in APEX II package. 26 The data were corrected for Lorentz and polarization effect. The structure was solved by direct method using the SHELX-97 (ref. 27 ) with the nal renement of the structure performed by a full-matrix least-squares technique with anisotropic thermal data for non-hydrogen atoms on F 2 . The non-hydrogen atoms were rened anisotropically where the hydrogen atoms were rened at the calculated positions as riding atoms with isotropic displacement parameters. 27 Molecular diagrams were generated using the ORTEP-3 (ref. 28) ions.
Computational methodology
Optimizations of naphthoquinone derivatives were carried out using the GAUSSIAN-09 program. 32 Global hybrid meta GGA (M06-2X) functional was used in conjuction with the internally stored 6-311++G(d,p) basis set. Stationary point structures thus obtained were conrmed to be the local minima on the potential energy surfaces through vibrational frequency calculations. Frontier orbitals were derived in the same framework of theory. Electronic spectra were computed using the time dependent density functional theory (TD-DFT).
Results and discussion
Synthesis and characterization of H-1, H-2, H-3 and H-4
Chemosensor H-1, H-2, H-3 and H-4 were synthesized and obtained in high yields at the room temperature (26 C) without Table 2 Hydrogen bonding geometries of H-1, H-3 and H-4 
3.240 (7) 2 À x, Ày, 2 À z View Article Online using any exhaustive synthetic procedures. H-1, H-2, H-3 and H-4 were characterized by FT-IR (Fig. S1 ESI † and $1669 cm À1 in H-4. The C-S frequency was observed in the range $1467 cm À1 (in H-3) to 1432 cm À1 (in H-1).
ORTEP of H-1, H-3 and H-4 are shown in Fig. 2 and crystallography data have been summarized in Table 1 . H-1 and H-3 shows the monoclinic space group while H-4 shows triclinic space group. The carbonyl bond distances (1.21Å and 1.23Å) in these compounds resemble to those observed in the oxidized form of compounds. The bond distances represent quinonoid distortion with two short and four long C-C bonds. The carbonyl C(1)-O(1) and C(4)-O(2) bond distances are found to be 1.220Å and 1.234Å, respectively. The C(2)-N(1) bond distances (1.335Å) match well with those of amino derivatives of 1,4-naphthoquinone.
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As may readily be noticed, H-1 shows naphthoquinone and pyridyl rings to be coplanar (Fig. S7 in ESI †) in and render interas well as the intra-molecular N-H/O hydrogen bonding which arise from quinonoid oxygen ( Table 2) .
Two molecules of H-1 oriented in the opposite directions orientations which facilitate further intermolecular C-H/N (C (16) 
Sensing metal ion binding of H-1 and H-3
No signicant colour change was observed in metal ions binding studies experiments of H-2 and H-4. The metal ion binding studies thus focuses on H-1 and H-3 ligands. Metal ion binding studies 35 were carried out (i) in methanol (ii) in methanol-water, (iii) in presence of mild base triethylamine (TEA) in (i) and (ii) conditions. TEA was used for deprotonation of ligand for detection of metal ions.
Equal volumes of (2. Fig. 13a . The addition of triethylamine prior to addition of the metal ion solution, show a color change in the H-1 (shown in Fig. 11b) band in $500-700 nm region (Fig. 13b) .
Interestingly H-3 only shows color change with Cu + and Cu 
40,41
Association constant of Cu 2+ ion was determined using the Stern-Volmer plots from uorescence experiments (Fig. S13 (for H-1) and Fig. S17 (for H-3) in ESI †). The concentrations of H-1 or H-3 used were 5 Â 10 À4 M and that for the metal being 1 Â 
DFT investigations
Optimized structures of aminonaphthoquinone derivatives obtained from the M06-2X based density functional theory are depicted in Fig. 16 . Selected bond distances and angles are compared with X-ray crystal data in Table 3 . As shown the overall structural parameters agree well with the experiments. A comparison of H-1 and H-2 shows that carbonyl C(1)O(1) bond distances are marginally elongated on substitution of thiophene instead of pyridine.
Structural ramications in vibration frequencies are analyzed. Calculated vibrational frequencies of H-1, H-2, H-3 and H-4 are compared with the experiment in Table 4 . As may be inferred the N-H stretching assigned to 3247 cm À1 of H-1 engenders the frequency up shi of $42 cm À1 for the ethyl substituted H-3. As oppose to this in case of thiophene on substitution of the ethyl functionality engender the lowering of The molecular Frontier orbital's HOMO and LUMO (isosurface of AE0.04 au) in aminonaphthoquinone ligands are portrayed in Fig. 17 . The complimentarily of charge distributions between HOMO and LUMO is thus transparent. The electronic absorption spectra except H-4 revealed the band near $336 nm assigned to the HOMO to LUMO transition. The HOMO-LUMO energies, global indices of reactivity, namely, chemical potential (m), hardness (h), and electrophillicity index (u), are summarized in Table 6 .
Conclusions
Naphthoquinone based chemosensors are characterized from the X-ray diffraction and spectroscopy experiments in conjunction with the density functional theory. X-ray diffraction experiments revealed the C-H/p interactions in molecular packing those bring about a variation in their optical properties. The metal ion binding of H-1 and H-3 in methanol, methanolwater mixture and in the presence of mild base triethylamine were examined. 
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